An axially short expansion chamber in a duct acts as a resonator type muffler whose effective frequency is determined by the duct and chamber geometry. To modulate this frequency, the temperature of the air in a very short chamber consisting of two rectangular branches located symmetrically on opposite sides of a rectangular duct was changed. The transmissibility of the sound was measured for a plane wave propagating in the duct through the chamber section. Each effective frequency (resonant frequency), at which the maximum transmission loss was obtained, was summarized and considered using a simple side branch type muffler approximation. The frequency modulates regularly according to the temperature in the chamber. In practice, though, the range of frequency modulation is small versus the change in temperature. However, this method provides a means for the fine adjustment of the effective frequency to a target frequency for noise reduction.
Introduction
An expansion chamber in a duct acts as a resonator type muffler when the axial length of the chamber is short (1) . Its effective frequency, or its resonant frequency, depends on the duct and chamber geometry (2) , (3) . In order to modulate this frequency in a reactive manner for a fixed geometry chamber, the properties of the gas in the chamber must be changed. As an example using this concept, Choy and Huang introduced the effect of helium gas in a shallow (but not short) chamber (4) while their purpose is different from that of this research.
On the other hand, among the changeable properties, the gas temperature is relatively easy to control in a chamber with a short axial length because the volume of the chamber is very small. Naturally, using a temperature-controlling device for noise reduction seems to be a waste of energy. However, if the chamber is attached to a fan, a projector or a similar device, heat radiated from an electric motor or a light source could be used to this end. This research aims to clarify the effect of temperature on an expansion chamber. The chamber consists of two rectangular branches located symmetrically on opposite sides of a rectangular duct. In this configuration, the sound attenuation performance of the chamber is relatively easy to understand by a concept of a side branch. The property of it has been investigated in detail in our previous study (5) . While a side branch-type silencer should have a certain depth for attenuating low frequency sounds, its depth in this research is relatively shallow. Although a shallow branch is preferable to control the temperature in it, its effect is limited only to a discrete frequency sound in a high frequency range. Nevertheless, this type of shallow short chamber can be utilized for, e.g., a fan noise radiated from a vacuum cleaner (6) .
In the present study, the transmissibility of sound was measured for a plane wave propagating in a duct through a chamber section with a very short axial length using an apparatus that can control the air temperature in the chamber. Basically, the temperature in each of two branches was set to the same value. Each resonant frequency, the frequency at which the minimum transmissibility was obtained, was summarized and then considered. In addition, the effect of the temperature difference in the two branches was also examined in some cases. Figure 1 shows the duct-chamber configuration employed herein. Orthogonal coordinates (x, y, z) are used. The duct has a rectangular cross-section with height h and width w, and extends infinitely in the x direction. At the chamber section, the two branches are projected symmetrically in the y direction forming shoulder depth b and axial length l.
Approximation of Frequency Modulation by a Simple Theory
Since it is reasonable to normalize each size by h, b/h and l/h are used hereafter. The normalized frequency kh is used accordingly, where k = ω/c is the wavenumber, ω is the angular frequency and c is the speed of sound in free space. The duct aspect ratio w/h does not affect the sound property because only a plane wave is considered in this research. However, from an experimental point of view, it is preferable that w is not too wide in order to avoid the generation of higher-order mode waves that have a sound distribution in the z direction (5) .
If the branch is sufficiently deep (b >> h), the resonant frequencies of the chamber having the configuration in Fig.1 depend on the total height of the chamber (2b + h) (7) . On the other hand, in the case of a relatively shallow chamber (b < h in this research) with very short axial length (l/h < about 0.3), the chamber properties can be described by an analogy to a single side-branch muffler (a quarter-wavelength tube attached to a duct) (5) . Its resonant frequency is calculated by
where α is an open-end correction of the side branch and the lower suffix R denotes resonance. Equation (1) shows that a π/2 phase shift occurs in the length of b + α in the y direction at resonance. Ideally, the temperature is uniform and fixed at T 0 K in the duct and uniformly altered in the chamber to T 1 K. In the duct, the speed of sound is fixed at c 0 , which is then changed to c 1 in the chamber. It is well known that
where γ is the adiabatic index and R is the gas constant of air. These two values can be regarded as maintaining a constant value in every duct and chamber location.
At the speed of c 1 , the phase shift in one direction of the chamber (along the length of b in the y direction) is calculated by 
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Using a simple side-branch theory, the sound in the chamber reaches resonance when θ 1 + θ 0 is equal to π/2. This corresponds to a resonant frequency
and then
by substituting Eq. (2). When the duct-chamber geometry and the temperature in the duct are fixed, h, b, and T 0 are constant. The open-end correction α can also be regarded as constant, since it is not influenced by the temperature shift (from T 0 to T 1 ) in the chamber, as α appears in the duct.
Thus, the only value in Eq. (6) that changes is T 1 , which controls the resonant frequency of the chamber.
Experimental Apparatus
An outline of the experimental apparatus is shown in Fig.2 . The duct dimensions of h = 50 mm and w = 40 mm were fixed. The plane wave propagates in the duct by employing properly arranged speakers. Since the sound pressure is uniform at any cross section in the duct, one microphone is located at the center of the cross section.
A frequency response analyzer was used for obtaining detailed data. This device can measure the transfer function of a system by generating a sine wave signal and automatically varying its frequency within an arbitrary range, which was determined to be 
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In order to negate the influence of the duct between the speaker and the microphone, the transmission loss of the chamber was defined by subtracting the measured sound powers (dB) obtained with no chamber (b = 0) from those obtained with the chamber (b > 0).
The chamber consists of several parts, as shown in the branch configuration diagram in Fig.3 . Although w = 40 mm is fixed, l is varied 5 or 10 mm by changing the blocks ("4" in Fig.3 ) and the sidebars ("3" in Fig.3) , and b is changed to 20, 25, 30, or 35 mm by changing the blocks ("4" in Fig.3) .
The temperature in each branch is controlled using Peltier devices that are connected to a DC power supply, which can adjust the voltage applied to the devices. Heat sinks are attached to each device in order to smooth the heat motion. Considering heat conductivity, copper is used for the branch walls and the ducts are made from acrylic resin. The temperature in the duct (T 0 ) was kept at 296 ~ 298 K.
The temperature is measured by thermocouples that are located at the back and front on each side of the branch, as shown in Fig.3 . Thus, the temperatures at all eight points are measured simultaneously. The measuring points at the front of the chamber were fixed, but those at the back were shifted according to depth b.
Experimental Results and Considerations

Temperature Distribution
It is difficult to maintain the same temperature in the two branches when the chamber section is oriented vertically, i.e. the y direction coincides with the vertical line, as illustrated in Fig.1 . Hence, the duct-chamber in this research was oriented so that each branch projects horizontally, i.e. the y direction was in the horizontal plane. In this configuration, the eight points where the temperature was measured are shown in Fig.4 , in which B1 and B2 are labeled for distinguishing the two branches.
Since it was impossible to maintain a perfectly uniform temperature at every chamber location using the device shown in Fig.3 , the present research presupposes that there is an unavoidable temperature distribution in the chamber. Although T 11 , T 12 , T 13 , and T 14 are all different, the condition of T 11 = T 21 , T 12 = T 22 , T 13 = T 23 , and T 14 = T 24 was nearly achieved. Hence, the horizontal symmetry of temperature in Fig.4 was reasonably kept in the experiment. 
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Vol. 2, No. 1, 2008 In order to avoid temperature changes in the duct, the chamber should be heated or cooled as fast as possible. In practice, the chamber was easily heated by the apparatus detailed in Fig.3 . However, cooling by the apparatus took a long time. As an alternative, the set of chamber assemblies was cooled by placing it in a freezer.
As a preparative examination, temperature distributions were measured in B2 in Fig.4 by measuring the temperature at 15 points (five points along the y direction and three for z). In this experiment, the duct and chamber were connected using the same conditions as those for the sound measurement with T 0 = 298 K. Figure 5 shows the results in which T 21 was adjusted to 333 K for (a) and 273 K for (b). In Fig.5 (a) , it is obvious that a temperature gradient appears from the upper-back to the lower-front of the chamber. However, the temperature distribution is almost symmetric in the z direction for Fig.5 (b) . The differences in these temperature distributions depend on the heating and cooling processes employed in this research.
It was impossible to measure the sound and the detailed temperature distribution, like Fig.5 , simultaneously. The representative temperature in the chamber during the sound measurements must be determined beforehand. For this purpose, the average temperature of the aforementioned 15 points and that of the four points in Fig.4 were compared for several cases. Since their difference was 2 K or less for every case, the average of the eight points in Fig.4 that were measured during the sound measurement was used as the temperature of the chamber (T 1 in §2) for the consideration of sound properties. Figure 6 shows examples of transmission loss curves as a comparison of the temperature effect. The black lines represent the measurements for no temperature control (T 1 = T 0 = 298 K). The red and blue lines show the heated and cooled chamber results, respectively. The measured temperatures for each line are shown in Table 1 where the values in columns B1 and B2 are the averaged temperatures in the branches B1 and B2 in Fig.4 , respectively.
Transmission Loss Curve
It is clear from Fig.6 that the resonant frequency increases and decreases regularly when the temperature rises and falls, respectively. On the other hand, the maximum transmission loss seems to be independent of the temperature change because they do not change significantly for different b/h. The resonance effect of the chamber is not weakened although the temperature is not uniform as shown in Fig.5 .
From another viewpoint, the maximum transmission loss at each resonant frequency is considerably smaller than that obtained with a same-size duct-chamber in a previous study (5) in which a more precisely shaped chamber was used. In this research, the walls of the chamber were constructed using several parts made of different materials, as shown in Table 1 Averaged temperature in the chamber in Fig.6 K in branch Fig.3 . Hence, the resonant effect might be weakened. Additionally, the resonant frequencies are also somewhat inaccurate compared with the former data. Nevertheless, the temperature effect estimation investigated by the present research should be considered since the chamber is not changed for different temperatures.
Frequency Modulation
In this section, the frequency modulation from each transmission loss curve is summarized for when the temperature changed incrementally. Figure 7 shows one example of the precise transmission loss curve near the vertex with 1 Hz resolution. In this figure, each T 1 is the averaged value of the eight points in Fig.4 . Slight but quite regular frequency shifts of the curves are evident for changes in temperature. The resonant frequency was determined for each curve by fitting a polynomial and finding its vertex.
The resonant frequencies were extracted from the measured curves, like those in Fig.7 , and plotted in Fig.8 . In this figure, the values calculated using Eq. (6), in which the Hence, the marks (measured) and the lines (calculated) coincide at each of the lowest temperatures in the graphs (296 ~ 298 K).
In Fig.8 , the agreement between the measured and calculated values is good for the cases except b/h = 0.4. Thus, the simple approximation by the side-branch type muffler model is valid for the temperature-changing chamber. In the shallow chamber case (b/h = 0.4), a discrepancy between the measured and calculated values can be seen. In the present apparatus, as realized in Fig.3 , the shallower the chamber is, the more indirect the chamber heating is. As a result, the temperature control in the chamber (including the outer space of the chamber where the temperature should remain unchanged) tends to be rudimentary for shallow case.
Effect of the temperature difference in the two branches
Two transmission loss curves with different temperature settings are shown in Fig.9 . In this case, the temperatures are different between the branches B1 and B2. The averaged temperature in each branch is denoted by T 1 and T 2 , respectively. The black line denoted "normal" corresponds to the T 1 = T 2 = T 0 case.
Although an expansion of the effective frequency range was expected by adding the temperature difference between branches, almost no such effect was evident in Fig.9 . In Case A where B1 was heated and B2 remained, the vertex appears at kh = 2.33, which is essentially the same value of the resonant frequency of T 1 = 309 K in Fig.7 that is the average of 321 and 297 K. In Case B where B1 was heated and B2 was cooled, the vertex appears at a slightly lower kh than the normal curve because the average value of T 1 and T 2 is 294 K, and slightly lower than T 0 .
The sound field conditions in the present case are supposed to resemble the case in which two branches have a different depth but the same temperature. In this case, two distinct resonant frequencies appear, but they are not close each other (8) . For confirming this in the present apparatus, the transmission loss was measured for the chamber having the branch depths b 1 for B1 and b 2 for B2 with no change of temperature. The results are shown 
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Vol. 2, No. 1, 2008 in Fig.10 in which it is obvious that the peak at the lower resonance (kh ≈ 2.1) is inconspicuous when the difference in depth is small. Since the frequency shift is small using temperature control, it is reasonable to assume that a temperature difference does not significantly affect the transmission loss curve.
Summary
The transmissibility of plane waves through a very short expansion chamber in a duct was examined for a chamber containing air at a different temperature from that of the duct. The chamber, which acts as a resonator muffler, consists of two rectangular projections (branches) on opposite sides of a rectangular duct.
Basically, the effective frequency (resonant frequency) of the chamber modulates regularly according to the temperature change in the chamber. In general, the frequency increases when the temperature is raised, and decreases when lowered. This frequency modulation can be understood by a simple approximation of a side-branch type muffler, which demonstrates a phase shift in the chamber with changes in temperature and in the open-end correction with normal temperature in the duct. Hence, the frequency can be easily predicted.
The frequency modulation occurs in a narrow frequency range when the temperature is varied within a practical range. However, when only fine adjustments to the effective frequency are required, the temperature-controlled chamber might prove valuable as a muffler.
